assembled many cell generations earlier. In contrast, the daughter centrosome migrates away from the niche and is inherited by the cell that will initiate differentiation. We postulate that the mother centrosomes in male GSCs may remain anchored to the GSC-niche interface throughout the cell cycle by attachment to astral microtubules connected to the adherens junction, whereas the daughter centrosomes may initially have few associated microtubules and thus can move away from the niche. Microtubule-dependent differential segregation of mother and daughter spindle-pole bodies (equivalent to centrosomes in higher organisms) is observed in budding yeast (13) . In cultured vertebrate cells, the centrioles mature slowly over the cell cycle, and the mother centrosomes (containing a mature centriole) attach astral microtubules more effectively and are more stationary than daughter centrosomes in interphase (14) . The unusually early separation of centrosomes in interphase male GSCs may provide a way to move the daughter centrosome out of range of the stabilizing influence of the adherens junction complex before it becomes competent to hold a robust microtubule array.
Developmentally programmed anchoring of the mother centrosome may provide a key mechanism to ensure the stereotyped orientation of the mitotic spindle and thus the reliably asymmetric outcome of the male GSC divisions. Although it is tempting to speculate that determinants associated with the mother or daughter centrosome may play a role in specifying stem cell or differentiating-cell fates, such determinants are yet to be identified. Rather, the asymmetric inheritance of mother and daughter centrosomes in male GSCs may be a consequence of the cytoskeletal mechanisms that are imposed as part of the stem cell program to anchor one centrosome next to the niche throughout the interphase, ensuring a properly oriented spindle. 1-7) . This might be due in part to the existence of only a few quantitative studies of the steady-state gradients and the kinetics of morphogen transport. To address this, we studied quantitatively two key morphogens during development of the fly wing: Decapentaplegic (Dpp) and Wingless (Wg). Dpp is produced at the anterior-posterior compartment boundary in the center of the wing imaginal disc of Drosophila (8) (Fig. 1, A and B) . Dpp spreads nondirectionally, is degraded while spreading, and forms a gradient of concentration in the plane of the wing epithelium (2, 7). Regardless of the actual transport mechanism, these facts imply that Dpp spreading can be captured by the physics of molecules that are produced in a localized source, which generates a current j 0 [molecules/(mm × s)] at the source boundary; that are degraded with a rate k (s −1 ); and that spread in a nondirectional manner with an effective diffusion coefficient D (mm 2 /s). Thus, the rate of change of Dpp concentration in the x-y plane, C(x,y,t), is described by the equation:
where t is time, x > 0 is the distance to the source in the target tissue, ∇ 2 is the Laplace operator, and d is the Dirac delta function [see supporting online material (SOM)].
The steady-state solution for Eq. 1 is a single exponential gradient:
where the Dpp concentration C(x) depends only on the distance x from the source, the concentration C 0 at the source boundary, and the decay length l. The decay length corresponds to the distance at which the concentration decays by a factor 1/e of C 0 [C(x) = C 0 (1/e) at x = l]. The shape of the gradient therefore depends on two key parameters: l and C 0 , which are determined by D, k, and j 0 .
In the scenario of nondirectional morphogen spreading with degradation, l in the steady state is related to the diffusion coefficient and the degradation rate by the expression:
In turn, C 0 depends on the current j 0 , and on diffusion and degradation, which occur both in the receiving tissue and in the source:
Indeed, the experimental Dpp distribution in the target tissue was well described by a single exponential (Fig. 1C) [correlation index <R 2 > = 0.92 ± 0.05, n = 26) with a decay length l = 20.2 ± 5.7 mm, corresponding to 7.7 ± 2.1 cells (see materials and methods section in SOM).
To measure the kinetic parameters (D, k, and j 0 ) that determine the steady-state shape (characterized by l and C 0 ) of the Dpp gradient, we developed an experimental strategy based on imaging a functional green fluorescent proteinDpp fusion (GFP-Dpp) produced at the endogenous wing source (2) and fluorescence recovery after photobleaching (FRAP) (9, 10) . The FRAP assay consisted of irreversibly photobleaching the GFP-Dpp fluorescence in a rectangular region of interest (ROI) with dimensions 10 mm by 200 mm adjacent to the source (Fig. 1, D to K) . Subsequently, we monitored the fluorescence recovery in the ROI for about 60 min, which occurred at the expense of the nonbleached GFPDpp molecules in the neighboring areas, until the fluorescence intensity was close to a plateau (Fig.  1L ). To quantify the recoveries, we imaged and projected five z-confocal planes encompassing the most apical 5 mm of the epithelium and measured the average fluorescence intensity of GFP-Dpp in the ROI (see materials and methods and fig. S3 ).
We first controlled several conditions: (i) we limited photodamage and photobleaching during imaging so that they were negligible, (ii) we imaged most of the GFP-Dpp molecules in the tissue, (iii) we estimated the detection inaccuracy, and (iv) we calibrated detection of fluorescence intensity to GFP-Dpp concentration by using GFP-tagged rotavirus particles (11) . These important controls are summarized in section 2 of the supporting online material and in figs. S1 and S2. After verification of these conditions, we used our calibrations to estimate the concentration of GFP-Dpp at the source boundary C 0 = 802 ± 312 molecules/mm 2 (n = 8 discs), which corresponds to 4379 ± 1741 molecules per cell (see materials and methods). In addition, we estimated the fraction of "extracellular" GFPDpp, which was equal to or smaller than 15 ± 3.4% (n = 8 discs) of the total pool. The latter measurement, together with the fact that our detection inaccuracy was less than 2%, showed that the extracellular pool was not a dominant pool (section 2 of SOM).
We then studied the recovery profiles in the FRAP experiments to determine D, k, and j 0 , as well as the immobile fraction y. y is the fraction of molecules that did not recover in the ROI during the experiment. The standard procedure (12) to solve the diffusion equation, which neglects production and degradation and is commonly used in FRAP studies of single cells (13) , is not suitable for our FRAP assay in tissues. The time span of recovery in tissue FRAP was 30 to 90 min ( Fig. 1) , so that production and degradation could not be neglected. Thus, we solved Eq. 1 for the particular geometry and conditions of our FRAP experiments in the tissue (SOM, fig. S3D ).
From the resulting time-dependent concentration profile C(x,y,t) ( fig. S3D) , we calculated the average concentration f(t) in the ROI as a function of time. We optimized the two parameters D and y, which determine the shape of this theoretical recovery curve, to obtain the best agreement with the experimental curves (see SOM). The parameters k and j 0 were not independent, because we measured two key quantities before bleaching that impose further constraints: (i) the decay length l, which allows
The resulting theoretical curves were in excellent agreement with the experimental recovery data (R 2 = 0.95 ± 0.03) (see also (18) . Dpp was degraded at a rate k = 2.52 × 10 −4 ± 1.29 × 10 −4 s -1 corresponding to a GFP-Dpp half-life of about 45 min, which is consistent with the turnover time of Dpp molecules in the developing wing determined biochemically (7) . In addition, the majority of the GFP-Dpp molecules in the target tissue were immobile or moved very slowly (y = 62 ± 8%), i.e., with recovery kinetics too slow compared with the 60-min time scale of the FRAP experiments. This immobile pool was stored in intracellular compartments, because the extracellular pool was equal to or smaller than 15% of the total pool. We found j 0 = 3.98 ± 2.34 molecules/(mm × s), which implies that the Gal4-driven GFP-Dpp production rate from the endogenous source was n = 2.69 ± 1.58 molecules per cell per second. The effective production rate n per cell with diameter a can be obtained from j 0 by n ≈ 2a 2 j 0 /w for small values of the width of the source w (mm) (3).
We tested the validity of the diffusion and degradation description for the FRAP recoveries by performing FRAP experiments in different geometries ( fig. S4 and table S1 ). The results of these experiments were consistent with the independence of the four kinetic parameters on position in the tissue (see SOM).
After studying the GFP-Dpp kinetics, we analyzed the dependence of gradient formation on endocytosis by performing the FRAP assay in animals where the target tissue was mutant for the thermosensitive shibire ts1 allele and in which the source was rescued by a functional shibire + transgene ["shibire-rescue" animals; see materials and methods and (2)]. The role of endocytosis has previously been studied using shibire-rescue animals in qualitative assays (1, 2) (SOM and fig.  S5 ). The FRAP assay allowed us to determine separately D, k, n, and y in each experimental condition and to measure sensitively the kinetic effects in conditions of partial or complete endocytic block [in the wing, shibire ts1 is a tight thermosensitive mutant at 34°C, but leaky at 32°C (2) ( fig. S5) ]. In addition, during the FRAP experiment, the effects could be detected immediately, after only a few minutes of block. In control animals, D, k, n, and y were not significantly different at 25°C, 32°C, and 34°C (figs. S6 and S7). In shibire-rescue animals, which were raised at the permissive temperature, the ; UAS-Dynamin + /+; UAS-GFP-Dpp/ dppGal4. (C) Average D, k, y, and n from seven GFPDpp shibire-rescue experiments at 32°C normalized to the respective averages at 32°C in GFP-Dpp (wildtype control). Error bars, SEM. Asterisks, statistically significant differences between shibire rescue and wild-type at 32°C (double-sided P < 0.05). (D) GFPDpp shibire rescue at 25°C (black) and 32°C (red). (E) Average D, k, y, and n from eight GFP-Dpp shibirerescue experiments at 32°C normalized to the respective average in GFP-Dpp shibire rescue at 25°C. Asterisks, statistically significant differences. (F to M) FRAP time-lapse images of GFP-Dpp shibire rescue at 34°C as in Fig. 1, D to K. www.sciencemag.org SCIENCE VOL 315 26 JANUARY 2007 tight endocytic block at 34°C during the FRAP experiment impaired Dpp spreading completely, and no recovery could be detected into the ROI (Fig. 2, A and F to M) . When the block was released by shifting the temperature down to 258C, fluorescence recovered into the ROI, which indicated that the effect was reversible and that the lack of recovery was not due to unspecific tissue damage (fig. S8 ).
This lack of recovery after the tight endocytic block was imposed could be due to decreased diffusion or increased degradation rate. Because no recovery was observed, a theoretical curve could not be fitted to determine the actual values of the kinetic parameters. Thus, we studied the recoveries under conditions of partial block of endocytosis at 32°C. At 32°C, the diffusion coefficient in shibire-rescued animals decreased by a factor of more than 2 compared with that of control animals at 32°C (Fig. 2, B and C) and with shibire-rescued animals at the permissive temperature 25°C (Fig. 2, D and E, and table S1 ). The degradation rate was not increased, but decreased by a factor of about 2. Finally, the production rate was also affected, whereas y was not (see materials and methods). Thus endocytosis is required not only for Dpp degradation, but also for Dpp movement.
It is worth noting here that (i) given our imprecision of measurement (2%, see SOM), the minimal recovery we would have been able to detect is 2% of the total pool ( fig. S2 , E to G), excluding the possibility that we might have missed a significant extracellular recovery; (ii) other morphogens did recover in this FRAP shibire-rescue assay, which excludes an intrinsic artifact of the treatment as causing the lack of recovery (see below); (iii) the observed effects of endocytic block were acute, because the lack of recovery was observed after a few minutes of block; and (iv) the endocytic block was reversible.
To explore whether this kinetic description of Dpp applied to other morphogens, we performed the same FRAP analysis for another secreted ligand, Wingless (Wg) (Fig. 3, A to H and J) . In order to compare Wg and Dpp, we expressed a functional GFP-Wingless fusion (19) at the endogenous Dpp source, instead of the endogenous source region of Wg in wild type (Fig. 3, A  to D) . Wg also moves in the tissue nondirectionally and is degraded, but had a different profile (Fig. 3I) . The Dpp gradient is a long-range gra- Asterisk, double-sided P < 0.05 difference between Dpp and Wg. Genotypes: dppGal4::UAS-GFP-Dpp/+ and UAS-GFP-wingless/+; dppGal4/+. dient with decay length l = 20.2 mm, whereas, in these in vivo conditions, Wg made a short-range gradient with l = 5. The shorter decay length of the Wingless gradient was due to a higher degradation rate of GFP-Wingless, by a factor of 5, and to a lesser extent its smaller diffusion coefficient (Fig. 4) . Although the Gal4 driver was the same in the Dpp and Wg experiments, the production rate of Wg was about seven times that of Dpp, which implied that their maturation and secretion were controlled differently. In addition, while 62% of the Dpp molecules were immobile, the Wg pool was almost fully mobile at 25°C (y = 9.2 ± 13%), although, unlike Dpp, a significant immobile fraction appeared at higher experimental temperatures (Fig. 3, K and N) . The different immobile fractions of Dpp and Wg at 25°C validated the specificity of the Dpp immobile fraction. Thus, the immobile fraction was not an artifact of incomplete recovery in sick cells. Finally, in contrast to Dpp, Wg transport and degradation were independent of Dynamin endocytosis (Fig.  3, K to O) . Indeed, Wg movement has been suggested to be Dynamin-independent (6, 22) . In addition, expression of dominant-negative Dynamin and/or long-term thermosensitive shibire block caused an extension of the gradient in the wing (5, 22, 23) , which was attributed to decreased degradation (5, 22) . Our FRAP approach studying the results of an acute block suggests that endocytosis is not required for Wg transport and degradation or, alternatively, that endocytosis of Wg is Dynamin-independent.
Altogether, the GFP-Wingless FRAP experiments (i) validated our FRAP assay and shibirerescue experiment; (ii) indicated that different morphogen gradients can be generated by independently fine-tuning D, k, n, and y; and (iii) showed that different morphogens may use different mechanisms of transport and cellular machineries (e.g., Dynamin-dependent versus Dynamin-independent transport) to achieve the formation of morphogen gradients. A "Silent" Polymorphism in the MDR1 Gene Changes Substrate Specificity Chava Kimchi-Sarfaty,* † Jung Mi Oh, † ‡ In-Wha Kim, Zuben E. Sauna, Anna Maria Calcagno, Suresh V. Ambudkar, Michael M. Gottesman † Synonymous single-nucleotide polymorphisms (SNPs) do not produce altered coding sequences, and therefore they are not expected to change the function of the protein in which they occur. We report that a synonymous SNP in the Multidrug Resistance 1 (MDR1) gene, part of a haplotype previously linked to altered function of the MDR1 gene product P-glycoprotein (P-gp), nonetheless results in P-gp with altered drug and inhibitor interactions. Similar mRNA and protein levels, but altered conformations, were found for wild-type and polymorphic P-gp. We hypothesize that the presence of a rare codon, marked by the synonymous polymorphism, affects the timing of cotranslational folding and insertion of P-gp into the membrane, thereby altering the structure of substrate and inhibitor interaction sites.
T he MDR1 gene product, the adenosine triphosphate (ATP)-binding cassette (ABC) transporter ABCB1 or P-gp, is an ATP-driven efflux pump contributing to the pharmacokinetics of drugs that are P-gp substrates and to the multidrug resistance of cancer cells (1, 2) . To date, more than 50 singlenucleotide polymorphisms (SNPs) have been reported for MDR1 (www.ncbi.nlm.nih.gov/ SNP/GeneGt.cgi?geneID=5243). One of these, a synonymous SNP in exon 26 (C3435T), was sometimes found to be associated with altered P-gp activity (3) (4) (5) (6) and, when it appears in a haplotype, with reduced functionality (7) . This association may be explained in different ways. Perhaps it is because C3435T is in linkage disequilibrium with other common functional nonsynonymous polymorphisms such as G2677T. In fact, the C1236T (a synonymous SNP), G2677T, and C3435T polymorphisms are part of a common haplotype (8, 9) . Another possible explanation is that allele-specific differences in mRNA folding could influence splicing, processing, or translational control and regulation (10, 11) . A third possibility is that the effect of the C3435T polymorphism on the levels of cell surface P-gp activity or its function is rather modest or drug-specific. Finally, numerous environmental factors are known to affect the expression and phenotypic activity of P-gp (12) .
To determine whether the C3435T polymorphism actually does affect P-gp activity, we expressed wild-type and polymorphic P-gps in HeLa cells with the use of a transient expression system (13) . The same experiments were carried out on BSC-1 (epithelial cells of African green monkey kidney origin), Vero-76 (monkey kidney cells), and 12E1 (CEM human cells) cell lines (14) , with similar results, indicating that this phenomenon is not specific to HeLa cells.
